Positive selection-negative selection gene targeting was used to disrupt the nucleotide excision repair gene ERCCl in a Chinese hamster ovary cell line, CHO-K1. Southern and Northern analysis showed that a cell clone isolated by this targeting approach, CHO-7-27, had an ERCCl gene structure consistent with targeted disruption of ERCCl exon V, and did not express ERCCl mRNA. CHO-7-27 was further characterized with respect to UV and mitomycin C sensitivities, and was shown to exhibit severe mutagen sensitivity phenotypes consistent with those of other CHO cell ERCCl mutants. Mutation frequency experiments showed that CHO-7-27 was UV-hypermutable at the hypoxanthine-guanine phosphoribosyltransferase locus. Experiments assessing host cell reactivation of viral DNA synthesis for UV-irradiated adenovirus showed that CHO7-27 exhibited a severely deficient HCR phenotype similar to that of UV20 cells. Our results demonstrate that CHOK1 cells are hemizygous for the ERCCl gene, and show that the comparatively mild mutagen sensitivities and lack of severely deficient HCR phenotypes of conventionally derived CHO-K1 ERCCl mutants, in contrast to the severe phenotypes of CHO-AA8-derived mutants, are not due to any intrinsic genetic differences between CHO-K1 and CHO-AA8 parental cell lines.
Introduction
Gene disruption by targeted homologous recombination is a widely used method for generating murine embryonic stem (ES) cell lines with knock-out mutations, used for the creation of null allele disease models in mice (Capecchi, 1989) . Although mouse ES cells appear to be especially competent for targeted gene disruption by homologous recombination, capable of yielding targeted recombinants with homologous gene alterations at high frequencies (Zimmer and Gruss, 1989; Te Riele et al, 1992) , other cultured mammalian somatic cell lines show wide variation in gene targeting efficiency (Adair et al, 1989; Camerini-Otero and Kucherlapati, 1990) , and are often assumed to be more refractory than mouse ES cells to gene targeting. Since many investigations are conducted in vitro with cultured cells, rather than in whole animals, gene disruption mutagenesis is potentially useful for generating knockout mutants in somatic cell lines. An important advantage of such an approach is that the risk of introducing secondary. cryptic mutations that may influence experimental outcomes is minimal compared to conventional mutagenesis with chemical mutagens; pairs of somatic cell lines generated by gene disruption mutagenesis should be essentially isogenic and differ only with respect to the disrupted target gene.
Chinese hamster ovary (CHO) cells exhibit extensive functional heterozygosity, and are widely used in somatic cell genetics, particularly in cytotoxicity and mutagenesis studies (Puck, 1985; Siciliano et al, 1986) . Recessive mutant phenotypes are often directly expressed in CHO cells, and thus a large database exists describing mutagenic responses of CHO cells to a variety of physical and chemical agents (O'Neill et al., 1977; Siminovitch, 1985) . Another consequence of the functional heterozygosity in CHO cells is that CHO cell lines have been used to generate many interesting and valuable mammalian cell mutants. For example, there is a large collection of CHO cell mutants deficient in DNA repair, including those deficient in nucleotide excision repair (NER) and DNA strand break repair (Thompson, 1985; Busch et al, 1989 Busch et al, , 1994 Collins, 1993) . These mutants have been essential for the cloning and characterization of many human DNA repair genes (Jeggo et al, 1994) . The CHO-AA8 cell line is the parent of most of these repair mutants; other CHO parental cell lines of UV-hypersensitive mutants include CHO-9 (Wood and Burki, 1982) , CHO-AT3-2 (Clarkson et al, 1983) and CHO-K1 (Stefanini et al, 1982 (Stefanini et al, , 1987 . Although all three of these parental strains derived from the same CHO cell line, originally established by Puck, more than 30 years of evolution and genetic drift in culture appears to have resulted in karyotypic and genotypic differences among them (Puck, 1985; Siciliano et al, 1985 Siciliano et al, , 1986 .
CHO-K1 is the parental cell line for a series of ethyl methanesulphonate (EMS)-generated, UV-hypersensitive repair-deficient mutants (Stefanini et al, 1982 (Stefanini et al, , 1987 . Many of these CHO-K1 mutants, representing several excision repair cross-complementing (ERCQ genetic complementation groups, do not exhibit the severe UV hypersensitivity phenotypes characteristic of CHO-AA8-derived mutants (Stefanini et al, 1987; Busch et al, 1989 Busch et al, , 1994 Collins, 1993) . Arnold and Rainbow (1996) recently compared CHO-K1 and CHO-AA8-derived ERCC mutants in host cell reactivation (HCR) experiments in which UV-irradiated adenovirus (AdV) was used to infect CHO cell lines. This study showed that the mild repair-deficient phenotypes of CHO-K1 ERCC mutants and the severe repair-deficient phenotypes of CHO-AA8-derived ERCC mutants were each reflected in HCR of UV-irradiated AdV DNA synthesis, consistent with their respective UV hypersensitivies: CHO-AA8 ERCC mutants showed severely diminished HCR of viral DNA synthesis for UV-irradiated AdV, whereas CHO-K1 ERCC mutants did not exhibit a significant reduction in this HCR assay. Whether the mild ERCC phenotypes observed in EMS-generated CHO-K1-derived mutants are due to an intrinsic, possibly genetic, difference in the CHO-K1 parental cell line compared to RX.Rolig el al CHO-AA8 cells, or if they are specific to the respective ERCC mutant alleles is not clear.
In the present study, we used positive-negative selection gene targeting to disrupt the ERCC1 gene in CH0-K1 cells. Analysis of the phenotypes of UV and mitomycin C (MMC) sensitivities, UV mutability at the hypoxanthine-guanine phosphoribosyltransferase (HGPRT) locus, and HCR of viral DNA synthesis for UV-irradiated AdV in CH0-K1 and its ERCC1 knock-out derivative cell line allowed us to experimentally address several issues. These included: (i) proving that the ERCC] gene in CH0-K1 cells is hemizygous; (ii) testing whether a severe ERCC1 mutant phenotype could be expressed in a CHO-K1 cell background; and (iii) determining if an independent, severe ERCC I mutant phenotype in CH0-K1 cells can suppress viral DNA synthesis for unirradiated adenovirus in semi-permissive infections.
Materials and methods
Cell lines and culture conditions CH0-K1 cells were obtained from Dr Albert Fomace (Laboratory of Molecular Pharmacology, National Cancer Institute, Bethesda, MD, USA). CHO cell lines CHO-AA8 and UV20 were obtained from Dr Larry Thompson (Lawrence Livermore National Laboratory, Livermore. CA, USA). Cells were routinely maintained as monolayers in a-modified minimal essential medium (a-MEM) containing 109b fetal calf serum (FCS). L-glutamine was added to 2 mM and penicillin and streptomycin were added to 50 IU/ml and 50 ng/ml respectively Cultures were incubated at 37°C in a humidified atmosphere of 5% CO-> and 95% air.
Selection media were formulated in a-MEM, with L-glutamine and antibiotics as described above, containing 10% serum dialyzed against four changes (DFCS) of Puck's solution A (Gibco-BRL, Gaithersburg, MD, USA) and resterilized by filtration (DFCS) G418/FIAU selection medium for positive-negative selection knock-out experiments contained geneticin (G418; Gibco-BRL) at a final concentration of 400 |ig/ml (adjusted to 100% activity and neutralized with sterile NaOH) and l-(2-deoxy-2-fluoro-fi-Darabinofuranosyl-5-iodo)-uracil (FIAU) at 0.2 \xM final concentration FIAU was the generous gift of Bristol-Myers Squibb Pharmaceutical Research Institute (Wallingford, CT. USA). TG selection medium contained 6-thioguanme (Sigma, St Louis, MO, USA) at a final concentration of 6 (ig/ml, with 10% DFCS (Nairn et al., 1989) All manipulations of cell cultures outside the incubator were conducted under yellow ambient lighting
Targeted disruption of ERCC I bv positive-negative selection
Targeting vector pSLl was constructed using a 2.6 kb fragment of the CHO ERCCI gene containing part of exon IV and all of exon V This fragment was isolated from a X clone recovered from a commercial CHO-K1 cell genomic library (Stratagene, La Jolla, CA, USA) after screening with the human ERCCI cDNA (van Duin et al., 1986) The structure of pSLl is shown in Figure 1 . In this replacement targeting vector, the CHO ERCCI gene is interrupted with the neomycm (NEO) gene from plasmid pMC I neoPA (Thomas and Capecchi, 1987) , and flanked at the 3' end of homology by the Herpes simplex virus thymidine kinase (HSV-tk) gene from plasmid pIC19R/MCltk (Mansour et al., 1988) The HSV-(* gene utilized the same promoter and enhancer sequences as the NEO gene and was cloned into the plasmid at a Windlll site so that it was transcribed in the same orientation as NEO and ERCCI. A unique Seal restriction site located within the pBluescnpt (Stratagene. La Jolla. CA) plasmid backbone enabled linearization of the targeting vector construct, pSLl, prior to transfection of cell cultures.
For targeted disruption of ERCCI in CHO-K1 cells, subconfluent monolayers growing in T-150 flasks were detached after treatment with trypsin-EDTA and cells were collected by centrifugauon. Cells were electroporated using a BioRad GtnePulser electroporator at settings of 500 V, 25 nF, essentially as described by Chu et al. (1987) . After electroporation. cells were diluted to 60 ml SFMEM, and 300 10 cm dishes containing a-MEM supplemented with 10* DFCS were each plated with 0.2 ml of diluted cells. After 24 h. G418 was added to each plate to a final concentration of 400 jig/ml (adjusted to 100*3-activity), and 24 h later. FIAU was added to a final concentration of 0.2 nM. Plates were refed with a-MEM supplemented with lOTc DFCS and containing G418 and FIAU every 3-4 days until visible colonies were evident. -12-14 days post-electroporation Well-isolated G418 and FIAU resistant colonies were picked b> gentle scraping, while pipetting up 200 \y\ of culture medium, using sterile. wide- 
<V1^-MV1P
Disrupted ERCC1 Locus Diagnostic PCR fragment the HSV-//t sequence is lost during homologous recombination. A 1.8 kb diagnostic PCR fragment is generated in /VEO-disrupted recombinants, as described in the text bore yellow tips. To ensure the independence of cell clones, only one colony per plate was picked. For each set of six colonies, each resuspended in 200 Hi, two 6-well dishes were inoculated-50 (il/well to a reserved master dish, and 150 JJ.1 to wells of a corresponding dish used for DNA isolation for screening by polymerase chain reaction (PCR). After 3-5 days, pooled cells from plates for DNA were washed twice in an isotonic solution and subjected to water lysis and proteinase K digestion (Nitschke et al, 1993) . The resulting lysate was used in a two-step nested PCR strategy as shown in Figure 1 :5' nested primers were designed to anneal to NEO sequence within the targeting vector (Forward Neo 1: 5'-CCGCTTTTCTGGATTCATCGAC-3', Forward Neo 2: 5'-GCTTCCTCGTGCTTTACGGTATC-3') and a 3' pnmer was designed using ERCCI sequence downstream from exon V and not present in the targeting vector (Reverse ERCCI: 5'-TGCCACCCCTGACC-ACATATACAC-3') Pooled colony samples exhibiting the diagnostic 1.8 kb targeting fragment after agarose gel electrophoresis were identified. The six colonies from each master plate corresponding to a positive pooled sample were individually trypsinized and transferred to T-75 flasks. PCR analysis was repealed on DNA from individual colonies to identify which of the six clones exhibited the diagnostic 1 8 kb recombinant fragment
Southern and Northern hybridization analysis
To verify that clones exhibiting the expected recombinant targeting fragment were disrupted in exon V of the endogenous ERCCI gene. Southern analysis was performed as described in Adair et al (1989) . Northern analysis was performed using polyadenylated RNA isolated from 2^JX10 7 exponentially growing cells (two 15 cm plates), using the FastTrack 2.0 kit protocol (InVitrogen, San Diego. CA, USA) with the following modifications: plates were washed twice with cold, sterile Puck's solution A. floated on a dry ice/ ethanol bath for several minutes, then removed, and 4 ml of FastTrack lysis buffer was added to each plate with gentle swirling The lysate was transfered to a sterile. 50 ml conical polypropylene centrifuge tube and the plates were washed with 4 ml of FastTrack buffer for a final volume of 12 ml. Subsequent steps leading to the isolation of pohaden>lated RNA followed the FastTrack kit instructions. RNA samples were electrophoresed in 0.66 M formaldehyde-Survival, mutagenesis, and host cell reactivation in a Chinese hamster ovary cell ERCC1 agarose gels, blotted and hybridized essentially as described by Sambrook et al. (1989) , but with the addition of 50 Hg/ml polyadenylic acid to the hybridization solution. UV and mitomycin C cytotoxicity experiments Cells were plated onto 10 cm dishes at densities of 10 5 cells/plate and incubated for 24 h prior to UV irradiation. UV cytotoxicity experiments were performed as described by Nairn et al. (1989) . Two 15 \V germicidal lamps emitting predominantly 254 nm light at a fluence of 0.50 J/m 2 /s were used for irradiation; for low dose irradiation, the fluence was decreased to 0.05 J/m 2 /s by interposing a wire mesh screen between the light source and the plates. Dosimetry was performed with a Model IL 1400A radiometer (International Light Inc. Newburyport, MA, USA) using a 254 nm probe.
To determine MMC cytotoxicity, cells were plated 24 h prior to the experiment as described above for UV experiments. Growth medium was removed and plates were rinsed twice with Puck's Solution A immediately prior to treatment with either 10 ml of serum-free MEM (SFMEM) control solution or 10 ml of a solution containing MMC at various concentrations prepared in SFMEM-Following treatment for 60 min at 37°C in the incubator, the solution was aspirated and plates were rinsed twice with Puck's Solution A to remove and dilute residual MMC. Cells were then detached by trypsin-EDTA treatment, passed once through a 25 gauge needle, counted, diluted, and plated in triplicate into 10 cm plates containing 10 ml of growth medium. Following incubation for 8-10 days, colonies were stained with 0.02'S Crystal Violet in ethanol and counted.
UV mutagenesis experiments
UV mutagenesis experiments at the HGPRT locus with cell lines CHO-K1 and CHO-7-27 were performed as described by Nairn et al. (1989) . Triplicate samples were irradiated for each dose point, and a parallel UV cytotoxicity experiment was conducted on the same population of cells to allow correction of mutation frequencies to survival.
Adenovirus infection and host cell reactivation
The host cell reactivation (HCR) assay for survival of adenovirus (AdV) DNA synthesis in semi-permissive CHO cell infections was recently described (Arnold and Rainbow, 1996) . In experiments reported here, CHO cell lines (CHO-K1, CHO-AA8, UV20 and CHO-7-27) were infected with either nonirradiated or UV-irradiated AdV at multiplicities of infection of 40-80 p.f.uV cell. Viral DNA was extracted from infected cells at 72 h post-infection and quantified as described by Arnold and Rainbow (1996) .
Results
Targeted disruption of the CH0-K1 ERCC1 locus A positive-negative selection strategy which selected for cells expressing the NEO gene and against cells expressing the HSV-tk gene was used to enrich for G418/FIAU doublyresistant recombinant cells produced by targeted gene replacement. As shown in Figure 1 , homologous recombination of pSLl with genomic ERCC1 should result in replacement of the endogenous, CHO ERCC1 exon V by the N£0-disrupted ERCC1 exon V sequence in the vector, with accompanying loss of the HSV-tk sequence. Nonhomologous integrations of pSLl DNA should occur through the ends of the linearized DNA at the Seal restriction site in the plasmid backbone, leaving the HSV-tk sequence linked to the A'EO-disrupted ERCC1 sequence and allowing selection against cells with non-homologous vector integrations with FIAU. Thus, clones resistant to both G418 and FIAU should be enriched for recombinants with the ERCC1 gene disruption shown in Figure 1 .
A total of 160 colonies from 284 plates were resistant to both G418 and FIAU, and these were picked to 6-well dishes and screened by PCR in 27 pools as described in Materials and methods. A total of 66 colonies appeared on 16 plates that were subjected to G418 selection alone. PCR screening for the 1.8 kb recombinant targeting fragment was positive for three pools of G418/FIAU doubly resistant clones; when the 18 clones represented in these three pools were individually rescreened, only one, designated CHO-7-27, exhibited the 1.8 kb recombinant targeting fragment by PCR analysis. To verify that the CH0-K1 ERCC1 gene had been disrupted, DNA and polyadenylated RNA samples were prepared from CHO-K1 and CHO-7-27 cells and subjected to Southern and Northern hybridization analysis. Results of Southern analysis (Figure 2 ) indicated that restriction fragments predicted by targeted replacement of genomic ERCC1 with the NEOdisrupted ERCC1 exon V in pSLl were present in CHO-7-27 DNA. For example, the BglU fragment detected by a CHO £/?CC7-specific probe from the 3' region of hamster ERCC1 increased in size in CHO-7-27 DNA as predicted due to insertion of NEO sequence ( Figure 2A, lanes 2 and 5) . The CHO-K1 BamHl fragment ( Figure 1A , lane 1), however, decreased in size because a BamHl site located at the 3' edge of the NEO transcription cassette was introduced by the targeted disruption, revealing a new, truncated hybridizing fragment, as predicted ( Figure 2A, lane 4) . When the membrane was stripped and re-hybridized using the NEO sequence as probe ( Figure 2B ), DNA from parental CHO-K1 cells revealed no hybridizing fragments, as expected ( Figure 2B, lanes 1-3) . In DNA samples from CHO-7-27, the same BglU fragment was detected ( Figure 2B , lane 5), and the BamHl fragment was again altered in size because the NEO probe detected the 5' fragment, upstream from the newly introduced BamHl site ( Figure 2B , lane 4) as opposed to the downstream fragment 3' from the new BamHl site detected by the ERCC1 probe ( Figure 2A, lane 4) . The Kpnl fragments in CHO-7-27 detected by the ERCC1 probe (Figure 2A , lane 6) and the NEO probe ( Figure 2B , lane 6) differ in size because the ERCC1 probe is 3' to the Kpnl site in ERCC1 exon VII, whereas the NEO probe detects the Kpnl fragment 5' to this restriction site. These restriction site patterns are shown for the A/£C>-disrupted ERCC1 region in the diagram at the bottom of Figure 2 . Figure 3A clearly show that there is no detectable ERCC1 transcript in CHO-7-27 cells. As a control for RXA loading, the same membrane was stripped and rehybridized with a probe for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), as shown in Figure 3B . 
Results of Northern analysis in

UV and mitomycin C hypersensitive phenotypes of CHO-7-27 cells
Results of UV and MMC cytotoxicity experiments for CHOKl and CHO-7-27 cells are shown in Figures 4 and 5 respectively. Hypersensitivity to UV exhibited by CHO-7-27 cells (~6X at D| 0 ) is consistent with a 'highly sensitive" (>4Xwild-type UV sensitivity) cytotoxicity phenotype defined by Busch et al. (1994) as representing a severe ERCCl defect, observed in the collection of CHO cell ERCCl mutants which include UV20 (Thompson et al, 1980 ), 43-3B (Zdzienicka et al., 1987 and UVL-10 (Clarkson et al., 1983) cell lines, although CHO-7-27 is apparently not UV hypersensitive to quite the same degree as these other representative, highly sensitive CHO cell ERCCl mutants (7-1 OX). However, Figure  5 shows that CHO-7-27 exhibits an extreme hypersensitivity to MMC O90X). almost identical to that of UV20 cells (Thompson et al, 1980; Hoy et al, 1985) , and unlike the mild (<10X) MMC hypersensitivity phenotypes exhibited by the CHO-Kl-derived ERCCl mutants characterized by Stefanini et al. (1987) .
UV mutability at the hypoxanthine-guanine phosphoribosyltransferase locus
The results presented in Figure 6 show that CHO-7-27 cells are UV hypermutable relative to CHO-Kl cells. Thompson et al. (1982) and Nairn et al. (1989) independently determined UV induced mutation frequency in UV20 cells at the HGPRT locus. Our results reported here, although indicating somewhat higher UV-induced mutation frequencies in both CHO-7-27 and CHO-Kl cell lines than observed for UV20 and CHO-AA8. represent a comparable increase in the degree of UV mutability in ERCCl -deficient cells to that shown for UV20 and CHO-AA8 cell lines in previous studies. Adenovirus DNA synthesis and host cell reactivation Figure 7 shows results of survival of viral DNA synthesis for UV-irradiated AdV following infection of CH0-K1, CHO-AA8, UV20 and CHO-7-27 cells, in the host cell reactivation assay developed by Arnold and Rainbow (1996) . Survival points for viral DNA synthesis were fit to a linear exponential function by the method of least squares, allowing comparisons of relative HCR between each mutant and parental cell line pair at a calculated D o . This calculation resulted in percent HCR values of 17.7 and 18.8% for the CHO-7-27 and UV20 cell lines respectively, compared with each parental cell line. These HCR values were indistinguishable, as represented by the curves shown in Figure 7 . Discussion A number of different CHO parental cell lines have been used to generate UV hypersensitive mutants by conventional mutagenesis (reviewed in Busch el ai, 1989; Collins, 1993 ). An unresolved issue regarding CHO cell ERCC1 mutants isolated after conventional mutagenesis concerns the apparent differences in severity of ERCC1 mutant phenotypes recovered from different CHO parental cell lines. For example, CHO30PV, one of three CH0-K1 -derived UV hypersensitive ERCC1 mutants isolated after EMS mutagenesis (Stefanini et ai, 1982 (Stefanini et ai, , 1987 , exhibits only ~2-and 1.5-fold increases in hypersensitivities to UV and MMC respectively (Stefanini et ai, 1987) ; the other two CHO-K1 ERCC1 mutants also show mild hypersensitivity phenotypes. Consequently, CHOKl-derived ERCC1 mutants have been described as 'leaky' (Collins, 1993) . In contrast, the large majority of ERCC1 mutants isolated from parental cell lines CHO-AA8, CHO-9
and CHO-AT3-2 show severe UV hypersensitivity phenotypes, and are characterized by extreme hypersensitivity to crosslinking agents such as MMC (Hoy et ai, 1985; Busch et ai, 1989; Collins, 1993) . Although moderate ERCC1 mutant phenotypes are also represented among CHO-AA8-derived mutants (Collins, 1993; Busch et al., 1994) , CH0-K1 appears to be unique in that no severe ERCC1 phenotypes are represented among its conventionally derived mutants. The reason for this apparent bias in the recovery of severe phenotype mutants is unclear. It may have a technical basis, as the post-mutagenesis procedure used by Stefanini et al. (1982) to enrich for UVsensitive mutants prior to screening was different than the direct screening protocols used by Busch et al. (1980) and Thompson et al. (1980) . However, ERCC mutants with more severe phenotypes, representing different complementation classes, have been isolated from CHO-K1 using this enrichment protocol (Stefanini et al., 1989) . There are cytological and genotypic differences among CHO cell lines, and these differences might also contribute to a bias in the recovery of mutant phenotypes. One possible explanation is that genetic differences among the CHO cell parental lines are responsible. For example, if there are two ERCC1 alleles in CHO-K1 cells, one of which is only partially functional, a subsequent loss-of-function mutation in the remaining wildtype ERCC1 allele might be masked by the presence of the partially functional allele. The other CHO parental cell lines could either represent ERCC1 heterozygotes with one completely defective allele, which would allow direct expression of recessive mutant phenotypes, or, as has been suggested by Thompson et al. (1989) , these parental cell lines might be hemizygous for ERCC1, having physically lost one allele during evolution in culture. Deaven and Peterson (1973) originally observed that there is only a single chromosome 9 in CHO cells. Physical mapping of repair genes ERCC1, ERCC2 and XRCC1 to human chromosome 19 (Mohrenweiser et al., 1989) , and functional complementation of CHO cell ERCC1, ERCC2 and XRCC1 mutants with human chromosome 19 (Nairn et ai, 1989; Thompson et ai, 1989) , together with the concordant segregation of these three repair genes with CHO chromosome 9 in CHO-mouse somatic cell hybrids (Thompson etai, 1989) , strongly indicate that these three repair genes are all located on CHO chromosome 9, in a region homologous to an evolutionarily conserved region of human chromosome 19. Thompson et al. (1989) suggested that monosomy for chromosome 9 in CHO cells, resulting in hemizygosity of all gene loci on this chromosome, may be the reason why recessive mutants defective for these three repair gene loci have been isolated much more frequently in CHO cells than mutants for other DNA repair genes. This suggestion appears to be supported by cytogenetic analyses (Deavon and Peterson, 1973; Worton et ai, 1977) and estimates of the frequency of hemizygous electrophoretic shift mutations (Siciliano et ai, 1978 (Siciliano et ai, , 1986 in CHO cells. However, none of these studies have provided direct molecular evidence that any of these three repair genes is physically hemizygous in the CHO cell genome. It is also possible that, as a result of the extensive chromosomal rearrangements that have occurred in CHO cells, these repair genes may not necessarily be hemizygous, but could be heterozygous due to position effect inactivation of rearranged alleles located elsewhere in the CHO cell genome.
In the present study, we directly altered the CHO-K1 ERCC1 gene using homologous gene targeting. This approach resulted in the replacement of ERCCl exon V with a yV£O-disrupted exon V, and produced physical changes in the ERCCl gene structure (Figure 1 ). Only one, altered, ERCCl gene fragment is identified by Southern analysis of restriction endonucleasedigested DNA samples from CHO-7-27, an apparent ERCCl knock-out clone isolated in this study. These results ( Figure  2 ) provide direct evidence that there is only one physical copy of ERCCl; otherwise, both altered and unaltered ERCCl fragments would have been detected by Southern analysis, as was observed in mouse ES cells in which one ERCCl allele was disrupted using a similar targeting approach (Selfridge et ai, 1992) . Furthermore, single-step NEO disruption of the CHO-K1 ERCCl locus directly resulted in the expression of UV and MMC hypersensitivity phenotypes in CHO-7-27 cells (Figures 4 and 5) . We conclude, therefore, that ERCCl is hemizygous in the CH0-K1 cell line, as previously suggested by Thompson et al. (1989) for CH0-AA8 cells.
The CH0-K1 ERCCl knock-out mutant CHO-7-27 we isolated exhibited pronounced hypersensitivity phenotypes after exposures to UV and MMC, as shown in Figures 4 and 5. We also determined the mutation response of CHO-7-27 at the HGPRT locus, in comparison with its parental cell line CH0-K1, using UV as a mutagen, as shown in Figure 6 . The degree of UV hypermutability at this locus for CHO-7-27 was comparable to that observed in UV20 (Thompson et ai, 1982; Nairn et ai, 1989) and UVL-10 (G.M.Adair, unpublished results), and indicates a severe defect in ERCCl, consistent with the other phenotypic and physical data we have generated. Figure 7 shows results of HCR of viral DNA synthesis for UV-irradiated AdV following infection of cell lines CHO-AA8, UV20, CHO-K1 and CHO-7-27, demonstrating clearly that, unlike the CH0-K1 ERCCl mutant CHO30PV examined by Arnold and Rainbow (1996) , CHO-7-27 is as severely deficient in HCR as UV20. Experiments conducted after AdV infection of CHO cell lines also indicated that replication of unirradiated viral DNA in CHO-7-27 cells was comparable to CH0-K1 and CHO-AA8 cells (data not shown); this result indicates that ERCCl is not specifically involved in viral DNA synthesis in semi-permissive AdV infection of CHO cells, as was suggested as a possibility to explain the low levels of viral DNA synthesis after infection of UV20 cells by unirradiated AdV (Arnold and Rainbow, 1996) . Therefore, the aberrant viral replication observed in UV20 may be a consequence of the particular UV20 ERCCl mutant allele. or it could be due to a cryptic mutation in UV20 cells.
Several conclusions can be drawn from the results of this study. We have shown directly and unequivocally that CHOKl cells are hemizygous for ERCCl, based on Southern analysis after gene disruption (Figure 2) . and the direct expression of predicted phenotypes after one-step gene targeting (Figures 4-7) . Since ERCCl, ERCC2 and XRCC1 are very closely linked on human chromosome 19 (Mohrenweiser et ai, 1989) , it is also likely, as suggested by Thompson etal. (1989) , that all three of these repair genes are hemizygous in CHO cell lines. Results of this study also demonstrate that there is no intrinsic difference in the CHO-K1 cell line that explains the 'leakiness' of CHO-K1 ERCCl mutants recovered after conventional mutagenesis. It is possible that analysis of these CHO-K1 mutant alleles of ERCCl may provide new insights into how structural defects in different regions of the Erccl polypeptide result in moderate, as opposed to severe, hypersensitivity phenotypes. and what regions of the Ercc 1 protein are most important in repair of UV damage as opposed to repair of DNA cross-links. For example, a region of the Erccl protein has been identified which is important for the interaction of Erccl with the XPA-encoded protein (Li et ai, 1994) ; point mutations in this or other regions of ERCCl, as opposed to ERCCl gene disruption, could generate ERCCl mutant alleles with pleiotropic effects on repair. Transfection of such ERCCl alleles into knock-out mutants could provide an avenue for determining important functional regions, and also generate cell lines useful for biochemical and genetic analysis of the function of the Ercc\IXP-F protein complex in NER, DNA cross-link repair and recombination. Finally, in this study we were able to directly test the hypothesis that ERCCl function may be important for viral DNA synthesis in semi-permissive AdV infection of CHO cells, and determined that it is not, since unirradiated AdV replicates equally well in CHO-7-27 as in CH0-K1 or CH0-AA8 cells. Determining the reason for aberrant viral replication in UV20 cells will require further study.
Gene disruption mutagenesis by targeted gene knock-out in cultured somatic cells, such as we have demonstrated here in CHO cells, offers significant advantages over conventional mutagenesis with chemicals or radiation. The problem of undesirable secondary mutations is avoided, and this approach is therefore capable of generating pairs of somatic mammalian cell lines that are essentially isogenic except for disruption of the target gene. Our results support the notion that mammalian somatic cells, such as CHO cells, are suitable gene targeting recipients, and should encourage the use of gene targeting for knock-out mutagenesis in cultured somatic cell lines.
